We demonstrate 1550 nm photon-counting optical communications with a NbN-nanowire superconducting single-photon detector. Source data are encoded with a rate-1/2 forward-error correcting code and transmitted by use of 32-ary pulse-position modulation at 5 and 10 GHz slot rates. Error-free performance is obtained with ϳ0.5 detected photon per source bit at a source data rate of 781 Mbits/ s. To the best of our knowledge, this is the highest reported data rate for a photon-counting receiver.
Photon-counting detectors may be employed in optical communications links to reduce receiver complexity and improve receiver sensitivity. 1 However, to date these detection techniques have not been widely used, largely because available photon-counting detectors at typical telecommunication wavelengths (1.3-1.55 m), such as photomultiplier tubes and In-GaAs avalanche photodiodes, suffer from poor detection efficiencies, low count rates, or high dark-count rates. Previous photon-counting communications demonstrations were limited to data rates of Ͻ500 kbits/ s. [2] [3] [4] Recently, high-speed NbN-nanowire superconducting single-photon detectors (SSPDs) capable of operating at gigahertz count rates 5 with kilohertz dark-count rates 6 were developed. These devices have the potential to make high-data-rate photon-counting optical communications practical.
The NbN-nanowire SSPD consists of a thin film (approximately 3-5 nm) of NbN deposited on a sapphire substrate. 7 The film is patterned by e-beam lithography to form a meander-type superconducting wire of ϳ100 nm width. 8 These wires are superconducting at temperatures below ϳ10 K. When the device is used as a single-photon detector, the wire is cooled to 2-4 K and biased with a current slightly below the critical current above which the device ceases to be a superconductor. When an incident photon is absorbed by the detector, it creates a region of increased resistance in the wire. 6, 9 The consequent decrease in the current passed by the wire may be sensed to detect the photon event. Note that the probability of detecting an incident photon increases for bias currents closer to the critical current. 6 When these devices are used for high-data-rate optical communications ͑Ͼ100 Mbits/ s͒, a number of characteristics of the device must be taken into account. First, timing jitter in the detection process limits the temporal resolution of photon-arrival-time measurements. The timing jitter of NbN-nanowire SSPDs was previously measured 5 to be Ͻ35 ps but may depend on details of the device's geometry. This jitter leads to significant intersymbol interference for data transmission slot rates of տ10 GHz. Second, the recovery time for the detection process limits the maximum possible count rate of the detector. Recent measurements have shown that the minimum time between detection events in large-area SSPDs with high detection efficiencies is limited to a few nanoseconds because of the kinetic inductance of the NbN nanowire. 10 Thus, photons arriving within a few nanoseconds of a previous detection event will be undetected, or blocked. Consequently, for data transmission slot rates of տ1 GHz the SSPD can provide no more than one detection event per slot. In this regime of operation it is not possible to distinguish detection events arising from an incident optical pulse from those that are due to background or dark counts, even at high signal-to-noise ratios. Additionally, at high slot rates the detection of an incident signal pulse may prevent detection of subsequent pulses arriving within a few nanoseconds of the first pulse. These detection characteristics could limit the performance of links that employ NbN-nanowire SSPDs using conventional communication techniques.
To overcome these effects, we use M-ary pulseposition modulation (PPM) and forward-error correcting (FEC) codes. With PPM, a symbol representing log 2 M bits of information is transmitted by a single pulse sent in one of M transmission slots. PPM has been shown to achieve near-optimal performance, in terms of the required number of received photons per transmitted bit, for a photon-counting channel, especially for large M. 1 Moreover, PPM is a particularly advantageous modulation format for use with a photon counter with a limited count rate because multiple bits of information can be conveyed for each detection event, thus enabling communication at data rates higher than the maximum count rate of the detector. FEC codes are employed to overcome the effects of dark counts and blocking during detection. The FEC code used in this work was a rate-1 / 2 serially concatenated pulse-position modulation (SCPPM) turbo code 11 that comprised a rate-1 / 2 convolutional outer code, a 15,120 bit interleaver, and a rate-1 accumulator-PPM modulator. The code was decoded with an iterative soft-input soft-output decoder. This code was developed for a deep-space photon-counting optical communications application and has demonstrated performance within approximately 1 to 1.5 dB of the theoretical optimum channel efficiencies for these types of channel. 4, 11 The experimental setup for demonstrating optical communications with the SSPD is shown in Fig. 1 . A 1557 nm distributed-feedback (DFB) source laser was modulated with a 32-ary PPM waveform by a high-extinction Mach-Zehnder intensity modulator (MZM). 12 With 32-ary PPM, each detection event can convey as many as 5 bits of information. The pattern generator was programmed to transmit FEC-encoded PPM blocks. The attenuated optical power was measured at the receiver input by a powermeter calibrated to report the power incident on the SSPD (including a measured loss of 10 dB due to coupling optics). The SSPD used in these experiments was a 3 m ϫ 3.3 m meander with a 50% fill factor. Electrical and optical coupling to the detector have been described in Ref. 10 . The detection efficiency of this device was 6.3% at a bias current of 95% of the device critical current. The time required after a detection event for the detection efficiency of the SSPD to recover to 90% of its steady-state value was measured to be 3.5 ns. The amplified electrical signal from the output of the detector was digitized by a 20 Gsample/s analog-to-digital converter (ADC) with 6 GHz analog bandwidth. Synchronization between the transmitter slot clock and the receiver sampling clock was maintained with a 100 MHz electrical reference signal between the transmitter and the receiver. Photon-arrival times were determined by detection of threshold crossings at the output of the digitizer. These arrival times could be passed either to a PPM decoder, for evaluation of the uncoded performance of the link, or to a software SCPPM decoder, for evaluation of the link performance with the FEC code.
We demonstrated receiver functionality at slot rates of 5 and 10 GHz, corresponding to uncoded (coded) data rates of 781 s (390) and 1562 (781) Mbits/ s, respectively, for 32-ary PPM modulation. The SSPD was cooled to 2 K and biased with a current of 18.87 A for operation at the 5 GHz slot rate. At 10 GHz, the SSPD was biased with a current of 16.95 A in order to maintain the superconductivity of the SSPD with the increased rate of detection events. This led to a lower detection efficiency at the higher slot rate. These bias currents at the 5 and 10 GHz slot rates represent 88% and 79%, respectively, of the unilluminated SSPD critical current of 21.48 A. The dark-count rates for these bias conditions, measured when the SSPD was not illuminated, were 8.06 and 1.44 kHz.
The incident power on the detector, P inc , in units of photons per pulse, is related to the measured average power at the receiver input, P avg , by P inc = P avg T sym / E ␥ , where T sym is the symbol duration ͑=M / f s ͒ and E ␥ is the photon energy. Similarly, we define the detected power, P det , in units of photons per pulse, in terms of the measured probability of a detection event in slots containing an incident pulse, p d , as P det =−ln͑1−p d ͒. Figure 2 shows the measured detected power as a function of the incident power for a 32-ary PPM-modulated signal at 5 and 10 GHz slot rates. The system detection efficiency of the SSPD receiver, including both the device detection efficiency and the blocking losses, is simply P det / P inc . At 5 GHz the measured system detection efficiency is ϳ3% at low incident powers. At higher intensities the detection efficiency improves to ϳ5%. We also observed an increase in the dark-count rate of the detector, as well as a decrease in the critical current of the detector, at higher incident intensities. These effects may be due to detector heating as the count rate of the detector increases. The effects are even more pronounced at 10 GHz, where the incident pulse rate is doubled. At low intensities, a detection efficiency of 0.5% is observed due to the lower bias current in the 10 GHz measurement. As the incident power is increased, the detection efficiency improves to ϳ2.8%. The effect of detector blocking between detection events manifests itself as a saturation in the detected power at high incident powers. As expected, this saturation occurs at a lower detected power at the 10 GHz slot rate owing to the increased blocking probability of the detector at higher pulse rates. Figure 3 shows the measured communications performance of the SSPD receiver operating at 5 and 10 GHz slot rates. As expected from the detection efficiency measurements, the uncoded performance saturates at a bit-error rate of ϳ10 −1 owing to the inductance-limited detector blocking. However, once the detection efficiency is accounted for and the performance is plotted as a function of the detected power, we find good agreement between the measured data and the theoretical performance of a background-free Poisson channel. When the SCPPM FEC code is used, error-free performance is obtained for detected powers in excess of 0.6 dB photons per pulse at 5 GHz and 1.1 dB photons per pulse at 10 GHz, which represent penalties of 2.1 and 2.6 dB from the theoretical optimum performance for an ideal memoryless photon-counting channel with this modulation format. The additional 0.5 dB performance penalty observed at the 10 GHz slot rate is due to increased detector blocking as well as to intersymbol interference that arises from bandwidth limitations in the transmitter and receiver and jitter from the SSPD. With the rate-1 / 2 FEC code, each pulse (representing a single 32-ary PPM symbol) conveys 2.5 bits of information. Thus the demonstrated receiver efficiency is 2.2 bits per detected photon at a 5 GHz slot rate and 1.9 bits per detected photon at a 10 GHz slot rate.
In summary, we have demonstrated the use of high-speed NbN-nanowire SSPDs for high-data-rate photon-counting optical communications. While the detection efficiency of the device used in these experiments was limited to Շ5%, we used a rate-1 / 2 SCPPM FEC code to demonstrate receiver efficien-cies of 1.9-2.2 bits per detected photon (8-20 incident photons per bit). Error-free communications performance was obtained for slot rates as high as 10 GHz, corresponding to a source data rate of 781 Mbits/ s. This is more than a 1000-fold improvement over previously reported results with a photon-counting optical receiver.
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